Microsatellites were used to determine paternity of Metacarcinus magister (Dana 1852), the Dungeness crab, embryos produced through controlled laboratory matings. Additionally, spermathecal and bursal sperm from mated females were genotyped to elucidate patterns of sperm storage and use. Spermathecal and bursal contents and egg clutches from female M. magister of unknown mating history were similarly analyzed. Genotyping of embryos revealed that bursal sperm are not used in fertilization. Multiple paternity was discovered in clutches from controlled matings and in 40% of clutches carried by crabs of unknown mating history. Males achieve last male sperm precedence through stratification of ejaculates within the spermatheca, but males may actually reduce their reproductive success by depositing too much sperm in the spermatheca. Stratification occasionally fails if the fresh ejaculate is large in volume, or when large volumes of stored sperm are present in the spermatheca, resulting in displacement of stored sperm towards the oviduct and multiple paternity within clutches. Sperm competition is interannual between the single primary male mate at each molt (adult females molt and mate once a year and sperm is retained across molts), and clutches fertilized with sperm as old as 2.5 years can develop to maturity. Female crabs may copulate for reasons other than to gain sperm for fertilization. Despite possessing internal sperm storage organs where oöcytes first encounter sperm, the act of fertilization in M. magister may occur externally.
INTRODUCTION
Sperm competition, the competition between the ejaculates, or sperm, of rival males for fertilization of a female's eggs (Parker, 1970) , is recognized as a potent force in the evolution of mating systems of a wide variety of animals, influencing an organism's reproductive physiology, morphology, and behavior. Sperm competition has been most widely studied in birds and insects, revolutionizing our understanding of mating systems and reproductive success (reviewed in Birkhead, 2000) . Sperm storage has been documented in numerous animal taxa with internal fertilization. Most species store sperm for relatively short periods of time (Birkhead and Moller, 1998) . In species with prolonged storage (greater than 60 days, reviewed in Adams et al., 2005) , sperm competition may be even more important due to repeat copulations during storage periods and the length of time during which interactions can occur, leading to higher rates of multiple paternity and a higher intensity of sperm competition. However, outside of social insects, little research has been done on species with prolonged sperm storage.
One mechanism involved in sperm competition, sperm stratification, results in sperm precedence, or the disproportionate use of one male's sperm over that of others. Sperm precedence based on mating order has been demonstrated in a variety of taxa, both vertebrate (see Birkhead, 2000) and invertebrate, including brachyuran crabs (Diesel, 1990; Koga et al., 1993; Cooper et al., 1996; Boomsma and Sundstrom, 1998; Urbani et al., 1998; Sainte-Marie et al., 1999) . Male brachyurans also compete at the sperm competition level by post-copulatory guarding of females (Koga et al., 1993) and sperm plug deposition in the paired vaginae to physically prevent access to the genital openings by other males (reviewed in Salmon, 1983 and Christy, 1987) .
In female brachyuran crabs, the spermathecae have been divided into two general morphological types that may allow one to predict paternity (Diesel, 1991) . In the ventral type, the vagina and oviduct open in close proximity to each other; consequently, oöcytes moving from the ovary into the spermatheca would first encounter sperm deposited by the last male to mate with the female and last male sperm precedence is predicted. In the dorsal type, the oviduct is widely separated from the vagina, and first male sperm precedence is expected. This hypothesis is largely untested -paternity precedence has been demonstrated in only three brachyurans, Inachus phalangium (Fabricius, 1775) , Scopimera globosa (De Haan, 1835) , Chionoecetes opilio (Fabricius, 1788) , and all possessing ventral type morphology (Diesel, 1989 (Diesel, , 1991 Koga et al., 1993; SainteMarie and Sainte-Marie, 1998) where the last male to mate gains all fertilizations (Diesel, 1990; Koga et al., 1993; Urbani et al., 1998) . In these three species, egg extrusion occurs within hours or days of copulation. Chionoecetes opilio stores sperm from one year to the next and studies of paternity analysis of clutches from multiparous females report multiple paternity levels of 0 to 15% (Urbani et al., 1998; Sainte-Marie et al., 1999 Roy, 2003) . In Metacarcinus magister (Dana, 1852) , the Dungeness crab, copulation and fertilization are separated by several months and females store sperm in the spermathecae during this interval. Additionally, M. magister spermathecae are of ventral type morphology (Jensen et al., 1996) and females are known to produce clutches of eggs from sperm stored as long as 2.5 years (Hankin et al., 1989) . However, it has been suggested that prolonged storage may disrupt sperm segregation patterns (Jensen et al., 1996) . Assaying one allozyme locus, Burfitt (1980) found evidence suggestive of multiple paternity in the egg clutch of a captive Cancer pagurus Linnaeus, 1758, but using three microsatellite loci, McKeown and Shaw (2008) found no evidence of multiple paternity in C. pagurus clutches.
Three conditions must be met before sperm competition can occur: the female must store sperm, receive sperm from more than one male in a single molting/mating cycle or by retaining sperm across cycles, and use the stored sperm in fertilization (Parker, 1970) . These conditions are met by M. magister. If in a given year a female crab does not molt, she cannot mate and therefore does not receive sperm that year; these 'skip molt' females must rely on stored sperm for egg fertilization (Butler, 1960) .
Because of several features common to all brachyurans and at least two features unique to M. magister, they provide an interesting model to test sperm competition hypotheses. Female M. magister possess a reproductive structure, unique among brachyuran crabs -the bursa, which is located between the genital opening and the spermatheca and opens into the vagina (Jensen et al., 1996; Fig. 1) . After a soft-shelled female copulates, the male deposits a sperm plug between the spermatheca and the bursa; this plug is unlike any other brachyuran external-type sperm plug (see Hartnoll, 1969; Diesel, 1991) in that it prevents access to the spermatheca but not the genital opening or the bursa. The female can copulate for as long as 10 days post ecdysis and sperm from these 'secondary' copulations enters the bursae (Jensen et al., 1996) . The sperm plugs that the 'primary' male deposits break up and are lost from the vaginae prior to egg extrusion several months later (Jensen et al., 1996; Oh and Hankin, 2004) . Typically, not all of a male's ejaculate is used to fertilize a clutch of eggs (Jensen et al., 1996) and during the next molting event unused sperm is retained (Shirley and McNutt, 1989) ; fresh sperm are placed into the spermathecae adjacent to the old (Jensen et al., 1996) . If sperm competition occurs within the spermathecae, it is predicted to be between the primary male of the current year and the primary males that mated with the female in previous years. Bursal sperm are not retained across molts and indirect evidence suggests that bursal sperm may not be used in fertilization (Jensen et al., 1996) , hence secondary males would not be involved in sperm competition.
The goal of this study was to determine the potential for sperm competition in M. magister and elucidate patterns of sperm usage in fertilization. Specific objectives were to determine whether: 1) the secondary males, those that place sperm in the bursae but not in the spermathecae, participate in fertilization; 2) last male precedence is in operation within the spermatheca as predicted by the spermathecal morphology; and 3) prolonged sperm storage disrupts precedence. To address these questions, microsatellites, previously developed for M. magister (Jensen and Bentzen, 2004) , were used to determine paternity of individual embryos produced through controlled laboratory matings. The spermathecal and bursal sperm from the females used in these matings were genotyped to determine patterns of sperm storage and use. Additionally, the bursal and spermathecal sperm, and individual eggs carried by wild ovigerous crabs of unknown mating history were genotyped.
MATERIALS AND METHODS Collections and Laboratory Crosses
Sexually immature [n = 14, <100 mm carapace width (CW) (Orensanz and Gallucci, 1988; Jensen et al., 1996) ] Fig. 2 . Schematic of experimental design of laboratory matings for females of Metacarcinus magister. After each molt, females were mated to one to several males, with the first mate following each molt designated as the primary male and subsequent mates as secondary males. Resultant egg clutches and, at the end of the line, the female's genitalia, were preserved for genetic analysis.
female M. magister were collected from Mukilteo or Grays Harbor, WA, USA and isolated from other crabs until after molting to sexual maturity; females were subsequently mated to one or more male crabs following ecdysis (Fig. 2 ). Males were collected from Mukilteo and held communally. Mated females extruded eggs in late autumn, and when embryos developed to the eyed stage, eggs were removed and preserved in 95% ethanol. Four females, LM1, 2, 13, and 14, were used to test limitations of the methods. LM1 and LM2 were used to determine whether subsampling would detect multiple paternity and whether spermathecal and bursal sperm could be amplified approximately one year post copulation, respectively. LM13 and LM14 were used to determine if egg clutch subsamples would be representative of clutch diversity. LM13 and LM14 were held without males until molting to approximately 137 and 139 mm softshelled CW respectively. The right gonopore of each crab was covered with duct tape and each female was mated to a different male; the tape prevented the males from depositing sperm into the right spermathecae of the females. Post copula the tape was removed and the females were held until clutches were extruded and matured, after which the females were sacrificed and dissected. After LM1's molt, a gonopore was blocked with duct tape, the female was mated to a male, the tape was switched to the other gonopore, and LM1 was mated to a second male. LM1 extruded a clutch and upon maturation, using forceps, a large mass of several thousand eggs was removed from the base of each of the eight pleopods and two masses removed from the midline of the clutch and preserved in 95% ethanol; the remainder of the clutch was preserved separately in 95% ethanol. LM1 was sacrificed and the genitalia (sternites with gonopores, vaginae, bursae, spermathecae, and oviducts) and a short piece of ovary were removed intact and preserved in 95% ethanol. After molting, LM2 was held for several days with a single male and allowed to copulate repeatedly. The resultant egg clutch was preserved, and several months later, near her next molt and approximately one year after copulation, LM2 was sacrificed and her genitalia preserved in 95% ethanol.
Ten females (LM3-12) were held up to four years and mated to males following ecdysis; the resultant egg clutches were subsampled and preserved as above. The year of a virgin female's first copulation is designated as Year 1. One of the third walking legs was removed from all male and female crabs used in the matings, and preserved in 95% ethanol for genotyping. Most females were mated with more than one male each year; due to the limited availability of large males, some males were used in more than one mating (Table 1) . Upon termination of the experiment, the females were sacrificed and their genitalia with a section of ovary were preserved in 95% ethanol. Throughout captivity crabs were provided with live mussels ad libitum supplemented with fish scraps, clams, cockles, or squid.
Paternity in a Natural Population Ovigerous females (n = 10, Table 2) were collected from Mukilteo, WA, by SCUBA divers and held until their eggs approached hatching. Subsamples of mature eggs were removed from each female, as described above, and preserved in 95% ethanol. Carapace width and shell condition (SC; Table 2; after Jensen et al., 1996) were recorded, the females were dissected, and their genitalia were preserved in 95% ethanol. Additionally, three nonovigerous, SC2 females (W1, W2, and W3) were captured, dissected, and their genitalia removed and preserved in 95% ethanol. The spermathecal and bursal sperm of W3 were genotyped.
Spermathecal and Bursal Sperm
For determination of placement of new ejaculate relative to stored sperm in the spermathecae upon mating, approximately 0.1 and 0.5 g Neutral Red in Ringer's saline solution (McClung, 1937) was injected into the body cavities of two male crabs, 146.1 mm and 144.8 mm CW, respectively. The larger male was dissected 1 hour later. Within 1 hour of injection, the 144.8 mm male was mated to a recently collected soft-shelled female (approximately 135 mm CW) that had molted in the laboratory 2 hours earlier; the female was dissected immediately post copula.
One of each pair of spermathecae from the preserved genitalia of the wild and laboratory-mated females was carefully dissected to reveal the sperm contents by peeling away the ventral wall of the spermatheca. The contents and dorsal wall were bisected once longitudinally and once widthwise, resulting in four sections (Fig. 1) , and the clumps of sperm were lifted off of the dorsal walls. Unless there was a gross difference in the appearance (color, separate masses) of the contents, suggesting separate ejaculates, the spermathecae were cut to produce approximately equal volumes of sperm in the four sections. If there was the suggestion of separate sperm masses, then those masses were processed separately. DNA was extracted from the sperm of each section with Qia Amp DNA Mini kit columns (Qiagen, Valencia, California), and subsequently used in the polymerase chain reaction (PCR).
Bursae were also carefully dissected, the contents removed, and the sperm DNA extracted. The bursa is a spherical sac with no midline that is often crumpled in what appears to be a random fashion (Jensen et al., 1996) ; as there was no indication of separate sperm masses, the contents were not subdivided.
Genotyping and Paternity Analysis DNA from muscle tissue was extracted and used to amplify Cma1, Cma2, and Cma3, three microsatellite loci in M. magister that exhibit Mendelian inheritance (Jensen and Bentzen, 2004) . From each clutch, preserved egg subsamples were mixed thoroughly and then at least 100 randomly selected eggs from each of 16 clutches from controlled laboratory matings and 10 clutches from wild females were used for analysis. All eggs were lysed individually in 10X PCR buffer and proteinase K, and the lysate was used in a multiplex PCR as described in Jensen and Bentzen (2004) . DNA from spermathecal and bursal sperm was amplified under the same reaction conditions, except that 0.8 unit Taq DNA polymerase and 40 cycles (94°C for 10 s, 61°C for 15 s, 72°C for 30 s) were used. Increased dilution of the lysates sometimes resulted in the amplification of more alleles, presumably due to the presence of large amounts of DNA or other PCR inhibitors in the lysates. Therefore, to ensure amplification of as many alleles as possible from sperm DNA, a dilution series of each sperm DNA extraction was used in the PCR until no new alleles were amplified.
For all PCRs, one primer for each locus was fluorescently labeled with either 6-FAM, HEX (Operon Technologies, Alameda, California), or NED (Applied Biosystems Inc., Foster City, California). All PCR products were visualized using a MegaBACE ™ 1000 Genotyping System (Molecular Dynamics, Sunnyvale, California); allele sizes in base pairs (bp) were determined by reference to a DNA size standard (MegaBACE ™ ET-900-R size standard, Amersham Biosciences, Piscataway, New Jersey) using Genetic Profiler analysis software (vers. 1.1, Molecular Dynamics, 2000). Assignment of egg and sperm DNA allele sizes was done blind of maternal and putative paternal genotypes.
The probability of encountering the progeny of a second sire within an egg clutch, P , equals 1
where n is the number of eggs sampled and p is the proportion of eggs sired by a second male. At least 100 eggs from each clutch were genotyped at the three microsatellite loci; therefore, for p = 0.05, P = 0.994. The probability that an egg will be correctly identified as the progeny of a second male depends on the probability that the egg will have an allele not present in the first sire; this in turn depends on the variability of the microsatellite loci. The three microsatellites, Cma1, Cma2 and Cma3, respectively had expected heterozygosities of 0.86, 0.95 and 0.75, and at least 30, 31 and 13 alleles in the wild population (Jensen and Bentzen, 2004) . Therefore, for large progeny samples such as those used in this study, the probability of detecting additional sires that contributed more than a few percent of the progeny was close to 100%. Based on the adult genotypes, the calculated probability of non-exclusion for unrelated candidate parents using Cma1, Cma2 and Cma3 when one parent is known is 0.013 (Cervus 3.0.3, Marshall et al., 1998) .
Within each clutch, paternity analysis was initially done blind of maternal and putative paternal genotypes by manually grouping eggs at each locus according to alleles shared. Parental genotypes were deduced, and in clutches with multiple paternity, maternal and paternal genotypes were identified from these groupings. After the groupings were completed, the parental genotypes were compared with genotypes of the dam and putative sires involved in the controlled matings. The same procedure was followed for clutches from the wild females except no confirmation of paternal genotype was possible.
RESULTS

Controlled Laboratory Matings
All immature females molted to sexual maturity in late fall and winter (October-December) and then molted again the following spring, thereafter molting only in the spring (Table 1) . Except for LM3 and LM12, the females were not mated following their autumn/winter molt, but were held until their spring (second adult) molt and then mated. LM3 was mated to one male following her molt to sexual maturity (Yr 1), to a second male the following spring (Yr 2), and to a third male the next year (Yr 3; Table 1 ). LM12 was mated to two males in Yr 1, one male in Yr 2, and two males in Yr 3. Females LM3 through LM12 molted a total of 24 Table 1 . Mating and extrusion history of laboratory-mated female Metacarcinus magister, paternity of resultant embryos, and identity of male sperm in females' spermathecae and bursae. As sampling of bursae and spermathecae is lethal, there are no data on sperm genotypes until the female is sacrificed. Year 1 represents the year of a virgin female's first copulation. ND, not determined. 1 Paternity attributed to each sire in percent. 2 Section of spermatheca in which sperm representing male contribution is present is in parentheses (see Fig. 1 ); lower case denotes weaker amplification relative to other alleles of that locus in the spermatheca. 3 Bursal sperm are normally lost during ecdysis (Jensen et al., 1996) . 4 times; females were mated to single males nine times, to primary males followed by one secondary male 12 times, to primary males followed by two secondary males twice, and not mated once. Additionally five females "skip molted" (skipped an annual molt) once each and a sixth female skip molted twice. Dissection of the 146.1 mm CW Neutral Red injected male showed internal tissues stained light pink to red including the testes and spermatophores. Immediate postcopulation dissection of the female mated to the second Neutral Red injected male revealed stained ejaculate placed just inside the spermatheca near the opening to the oviduct and between the opening and previously stored sperm; unstained, white sperm was located in the blind end of the sac. Sperm plugs were present but not stained. Both females, LM13 and LM14, that had copulated while their right gonopores were covered had received sperm into only the left genitalia and had extruded full egg clutches that developed to the eyed stage without a noticeable loss of eggs, either on the left or right side (Fig. 3) . Dissections of the two females revealed both right and left lobes of the ovaries spent, and sperm in the left spermathecae only.
At least 100 eggs from each of 16 clutches of laboratorymated M. magister were genotyped at Cma1, Cma2, and Cma3. Genotyping revealed that half of female LM1's clutch was sired by each of the two males (54.8 and 45.2%; n = 126, χ 2 = 0.29, P = 0.59) she mated. Spermathecal sperm were genotyped and only sperm from the male that had access to a particular side was found in the corresponding sac. Female LM2, mated to a single male and sacrificed soon before her next molt, had sperm in her bursae but only the two alleles at locus Cma3 were amplifiable; they matched the male's genotype. The sperm in the spermatheca amplified at all three loci and matched the male's genotype.
The mating history and genotypes of egg clutches and bursal and spermathecal sperm of the laboratory-mated females LM3 through LM12 are summarized in Table 1 . Fourteen clutches were preserved for genotyping. Another six clutches were extruded, but died due to various causes before maturing. Genotyping revealed that primary males (the first male to mate with a female following her molt in any given year) sired all eggs in all 14 clutches. Of the 10 clutches produced by females that had mated with one or more secondary males, none of the sampled eggs were sired by a secondary male. Of the 14 clutches, 12 were sired by a single male; 2 clutches, produced by LM4 and LM5, were each sired by 2 males. The primary male of her Yr 1 molt sired LM4's first clutch. The majority (97.2%) of crab LM4's second clutch was sired by the primary male of the Yr 2 molt, while 2.8% of the embryos were sired by the primary male of her Yr 1 molt. LM5's first clutch was sired by the primary male of that year, her second clutch was lost due to a water system failure, her third clutch (following a skip molt) was sired by two males: 2.1% by the Yr 1 primary male and 97.9% by the Yr 2 primary male. At the time of fertilization, the sperm from the Yr 1 male had been in storage for 2.5 years.
All of the spermathecae of the laboratory-mated females contained sperm and yielded amplifiable DNA (Table 1) . Only the sperm of primary mates was found in the spermathecae; no sperm from secondary males was found in any spermatheca. Amplification of alleles from the sperm frequently resulted in a trend in allele strength. From any given section of spermatheca, alleles identified as being from one male often amplified at a different strength as those from a second male; usually this relationship held across loci, but large differences in allele sizes, if present, affected the relationship due to the tendency for weaker amplification of large alleles. In Table 1 , presence in the spermathecal section of the alleles from a male that amplified weakly across loci within a spermathecal section relative to a second male's alleles in that same section is designated in lower case, presence of the more strongly amplified alleles is in upper case, and if no difference could be discerned, both are in upper case. A total of nine alleles identified as maternal were amplified in six sections.
In only two instances were separate masses of sperm grossly distinguishable in a spermatheca. Females LM6 and LM8 were sacrificed 11 and 9 days, respectively, after mating. Each vagina contained a sperm plug that extended into the spermatheca with a cohesive mass of sperm adherent to the root of each sperm plug. The adherent sperm was pushed into sperm that was in the blind end of the sac in such a way that the older sperm had welled up around the adherent sperm being displaced towards the vagina and the opening to the oviduct. Genotyping of the adherent masses from both LM6 and LM8 revealed that the sperm adhering to the plugs (designated as from section AB in Table 1 ) was from the most recent primary mate of each female and the remainder of the sperm (designated as from section CD in Table 1 ) was from the previous primary mates of each female.
Genotyping of the spermathecal sperm of females LM4 and LM5 (that had produced doubly sired clutches at their last extrusions) revealed sperm from the major sire, defined as the sire with the highest percent paternity, in all sections of the spermatheca. Sperm from the minor sires was also in all four sections of the spermatheca but amplified weakly relative to the alleles of the major sires in sections A and B. Of the remaining laboratory-mated females, LM3, 7, 9, 10, 11, and 12, sperm from the most recent primary male was generally found in spermathecal sections A and B and sperm from earlier primary mates was found in the deeper spermathecal sections, C and D (Table 1) .
Of females LM3 through LM12, seven had sperm in their bursae when sacrificed (Table 1 ). The DNA from the bursal sperm of LM4 and LM9 could not be amplified. Bursae from LM3, 6, 7, 11 and 12 all contained amplifiable DNA. Females LM3 and 6 were not offered secondary mates and their bursae contained alleles corresponding to the genotypes of the females' primary most recent mates. Bursal DNA from females LM7, 11 and 12 contained alleles corresponding to the genotypes of the females' most recent secondary mates. In two cases, LM7 and LM12, sperm from the most recent primary mates was also found in the females' bursae. Maternal alleles were never found in bursal sperm. Bursal sperm generally yielded less robust amplifications (weaker bands) than spermathecal sperm preparations from the same female and could not be improved. Additionally, one or both alleles at a locus often failed to amplify and weak non-specific bands were frequently seen in PCRs where known male alleles failed to amplify (data not shown).
Wild-mated Females
At least 100 eggs from each of 10 clutches of wild-mated M. magister were genotyped at the three loci. Multiple paternity was found in four clutches with the 'major' sires gaining 99.3, 98.2, 90.2, and 63.8% paternity (Table 2) . In three clutches, a single 'minor' sire was responsible for all paternity not attributed to the major sire; in the fourth, two minor sires fathered 1.2 and 0.6% of the eggs. For 7 of 10 clutches, all paternal alleles from 'major' sires were present in the spermathecal sperm (Table 3) . In two clutches, the proportion of eggs sired by the minor fathers was too low to allow full paternal genotype deduction. In three clutches all paternal alleles found in the eggs fathered by the minor sires were found in the spermathecae. As in the controlled-mating females, of females that had produced a single paternity clutch, relatively strong amplification of alleles corresponding to the clutch sires occurred in spermathecal sections A and B with weaker amplifications of other alleles (Fig. 4) . Conversely, the sires' alleles tended to amplify weakly in sections C and D compared to other alleles detected. A SC4 female (O-23) was an exception to this trend; alleles from the clutch sire amplified no more strongly than other alleles present in the spermatheca. Of the four females with multiply-sired clutches, major sire alleles tended to amplify well in sections A and B while minor sire alleles were found in sections C and D.
There are no growth data available for adult M. magister in Puget Sound, and as crabs lose all hard parts at each molt, they cannot be aged. The controlled-mating females Table 2 . Size, shell condition, number of eggs genotyped, number of sires detected and number of alleles present in the spermathecal sperm for wild-caught ovigerous Metacarcinus magister. CW, carapace width of female in mm. Number of sires detected per clutch with percent sired by a second or third sire in parentheses; number of alleles per locus detected in spermatheca at Cma1, Cma2, and Cma3, respectively. SC, shell condition, based on time since last molt: SC0, 0-24 hr since previous ecdysis; SC1, up to 1 mo.; SC2, approximately 1-3 mos.; SC3, approximately 3-12 mos.; SC4, +12 mos (after Jensen et al., 1996 increased in CW by approximately 10-15% (data not shown) at each molt and grouped easily into size classes corresponding to the number of observed molts. The wild-mated ovigerous females were grouped into similar size bins of approximately 115, 125, 137, 147 mm CW, for the purposes of estimating expected number of matings (Table 4) . Within the bins, the number of alleles per locus in the spermathecal sperm and the minimum number of male ejaculates detected increased with increasing female CW (Table 4 ; R 2 = 0.59; Fig. 5 ). Sperm from at least two males was present in the spermathecae of each smallest size bin female (Table 4) , sperm from two to three males was present in the females of the next largest size class, the sole female in the third largest size bin had alleles from a minimum of three males, and the spermathecal sperm of the females in the largest size bin represented three to four males. Across the four bins, the total number of alleles detected in the sperm increased from a minimum of seven to a maximum of 16.
Sperm was present in the bursae of eight (Table 3 ) of the wild-mated females (n = 10). Alleles consistent with all of the major sires' alleles across all three loci were found in the bursal sperm of three females. The bursae from four crabs contained sperm that shared some but not all alleles with clutch sires. Across all three loci, bursal sperm had 2 of 6, 2 of 5, 4 of 6 and 1 of 10 (two sires) possible alleles consistent with paternal alleles. DNA from the bursal sperm of one SC4 crab would not amplify.
Non-ovigerous Wild-caught Females
Dissection of three non-ovigerous, SC2 females (W1, W2, and W3) revealed that the spermathecal contents of one female, W3, were in two separate masses similar to the condition described above for LM6 and LM8, with a mass of recent sperm pushing into and displacing the older sperm towards and near the vaginal and oviductal openings. Genotyping of the two separate masses revealed that the older sperm represented a minimum of two males' contribution (Table 5 ) while the number of alleles in the DNA of the new sperm was consistent with a single male. In the remaining two females, fresh sperm was located just inside the spermatheca near the vaginal opening, and older sperm was in the blind end of the sac; the fresh sperm masses did not extend into the accumulation of older sperm.
DISCUSSION
The results indicate that the spermatheca is the site of sperm competition in M. magister and that bursal sperm is not used in fertilization. Genotyping of eggs and bursal and spermathecal sperm of females from controlled matings demonstrated that only sperm from primary males is placed in the spermatheca and only primary males sire embryos. Sperm from secondary males is placed in the bursa and is not used in fertilization. In general, DNA recovered from bursal sperm was difficult to amplify, but amplification of older sperm in the spermatheca demonstrated that neither age of the bursal sperm nor PCR failure was to blame for lack of amplification. Rather, it appears that the failure was most likely due to the degraded state of sperm (Jensen et al., 1996) after storage in the bursa. On three occasions, full genotypes that matched sire and spermathecal sperm Table 3 . Genotypes of 10 wild female Metacarcinus magister, their spermathecal and bursal contents, and the deduced genotypes of sires of their egg clutches with percent paternity. NP, no amplification. ND, not deduced due to low numbers of eggs fertilized by minor sire. CW, carapace width. SC, shell condition. For spermathecal section, see Fig. 1 302, 312 223, 235, 251, 255 256, 268, 276, 280, 316 148.3 B 286, 298, 302, 312 223, 235, 251 256, 268, 276, 280, 316 C 286, 302, 304, 307, 312 223, 231, 235, 251 256, 268, 276, 280, 316 D 286, 302, 304, 307, 312 223, 231, 235, 251 256, 268 alleles were found in the bursal sperm of wild ovigerous M. magister bursae, implying that primary males may copulate with females more than once, as has been observed in the laboratory (Jensen et al., 1996) . Similarly, the presence of alleles from more than one secondary male in the bursae of four crabs confirms that females may copulate with more than one secondary male in nature. Jensen et al. (1996) speculated that bursae provide a destination for sperm from secondary males, therefore allowing extra copulations, and that these copulations must have some benefit to the female, perhaps male defense of the soft-shelled female from predators during post-copulatory guarding. John Christy (personal communication) has discovered that female Uca beebei Crane, 1941 (Ocypodidae) at all reproductive stages accept copulations from aggressive neighbors, perhaps to avoid eviction from burrows; U. beebei females may mate several times with the same or different males before oviposition, and there is some evidence for last male precedence. Primiparous female snow crab may also accept multiple copulations before and after egg extrusion in response to male harassment, which may also afford some protection from predators (Sainte-Marie et al., 1999) . Since the bursal sperm are not used in fertilization, it seems unlikely that M. magister secondary males derive any benefit from copulation with a female. As M. magister males probably cannot detect sperm plugs in females (Jensen et Table 3 ). Four alleles, designated by length in base pairs, are shown at 256, 276, 280, and 374 bp. * = major sire alleles; rfu = relative fluorescence units; bp = base pairs. al., 1996), males may copulate with soft-shelled females that they encounter on the chance that the female has not yet mated since her most recent molt. Genotyping of embryos and putative sires revealed that last male precedence prevails in M. magister. Genotyping of spermathecal sperm from females with multiple primary mates demonstrated stratification of sperm, with the most recent primary male's sperm found closest to the vaginal and oviductal openings and sperm from primary males from previous years deeper in the spermatheca in the blind end of the sac. Sperm competition is interannual, i.e., between the primary males from different years. Because the spermathecal sperm were divided into four approximately equal-sized sections based on the sperm volume, each section frequently included sperm from more than one male, the exception being when separate masses could be grossly distinguished. PCR is a competitive process with amplification of more numerous copies of template favored over less common copies. While artifacts such as upper allele drop out or incipient null alleles (O'Reilly et al., 1998) can obscure template copy number effects, a roughly stable relationship was observed between relative amplification strengths of alleles from the different primary sires across loci in spermathecal sections Fig. 5 . Regression of the minimum number of males that contributed sperm to a female, as deduced by sperm genotypes in the spermathecae, versus female carapace width for 11 wild-mated Metacarcinus magister.
of females with multiple primary mates and single paternity clutches. This relationship loosely reflects relative number of copies of DNA (ABI, 1996) , or number of sperm from each male. In addition to paternity and the presence/absence of alleles indicating stratification in the spermatheca, the relative amplification strengths of alleles were consistent with stratification.
From the spermathecal sperm preparations from laboratory-mated females, maternal alleles were rarely amplified (9 of 352 alleles, or 2.6%) and most likely originated from the naturally sloughed epithelial cells of the non-chitinized portion of the spermathecal wall, or transfer of cells from maternal tissues during dissections. However, the occasional presence of maternal alleles indicates that the procedure was sensitive to small amounts of DNA, implying that sperm present in low numbers could be detected. Similar contamination from maternal cells was also seen in PCR amplifications of stored sperm from female Ch. opilio (Urbani et al., 1998) .
Males do not deposit seminal plasma in the M. magister spermathecae before ejaculation as seen in majids and portunids (Ryan, 1967; Diesel, 1989 Diesel, , 1990 Urbani et al., 1998) ; instead, M. magister males follow ejaculation with material that forms an 'external' style sperm plug that partially fills the vagina (Jensen et al., 1996) . Last male precedence in I. phalangium and Ch. opilio involves capping stored rival sperm with seminal fluid before ejaculation and post-copulatory mate guarding until oviposition. In Metacarcinus gracilis (Dana, 1852) , where the sperm plug fills the vagina from vulva to spermatheca, if remating occurs within several hours of plug formation a second mate can defeat the sperm plug and place his ejaculate within the spermatheca (Orensanz et al., 1995) ; normally M. gracilis males guard females post-copulation for several hours while the sperm plug hardens. In M. magister, the plug is found between the bursa and spermatheca and does not occlude the vulva thereby allowing secondary males to copulate with females and deposit their sperm in the bursa. Because the male intromittant organs do not reach beyond the bursa (Jensen et al., 1996) , it appears unlikely that a secondary male can force his ejaculate past the plug, especially since Table 5 . Size, shell condition, and genotype of a wild-caught SC2 non-ovigerous female Metacarcinus magister with two separate masses of sperm in her spermathecae and the genotypes of her spermathecal and bursal sperm from the left genitalia. The two distinct masses of sperm in the left spermatheca were processed separately. Alleles are designated by length in base pairs. Genotype of male from most recent primary copulation bolded. CW, carapace width of female in mm. SC, shell condition (after Jensen et al., 1996) the path of least resistance is to the bursa. In M. magister, last male precedence is ensured by displacement of older sperm away from the oviduct by the primary male each year. Postcopulatory guarding may be more important in ensuring survival of the vulnerable soft-shelled female, and hence preservation of the male's investment, than in preventing sperm competition. In the laboratory, the duration of postcopulatory guarding by males is approximately 3 days when the female has molted in their presence (Jensen et al., 1996) . Jensen et al. (1996) proposed that mixing of sperm during prolonged storage might disrupt last male precedence. The present results do not support that hypothesis. Of five egg clutches produced in the laboratory that could have resulted from multiple sires, the last male sired 100% of offspring in four clutches, and 97.9% of the fifth clutch. Similarly, of 10 wild-produced clutches that could have multiple paternity due to the presence of spermathecal sperm from at least two males, a single male (presumably the last to mate with the female) sired 90.2-100% (mean = 98.7%) of the eggs, in all but one clutch. However, the results suggest that occasional disruption of last male precedence may occur. Dissections and genotyping indicate that when a female already has a large amount of sperm in storage when a primary male copulates, or if the fresh ejaculate is large in volume, fresh sperm may displace stored sperm away from the blind end of the spermatheca and toward the oviduct, thereby reducing the reproductive success of the most recent male mate. Displacement of stored sperm toward the oviduct might account for the case where paternity in a wild egg clutch was more balanced between two males, with 36.2% of the clutch (female O-22, Table 2 ) sired by a second male. Self-displacement of sperm has been observed in insects, but refers to a reduction in fertilization gain as a male displaces his own sperm during prolonged, or excessive copulation (see Simmons, 2001) .
Our study confirms that skip-molt females can produce viable eggs with sperm stored as long as 2.5 years (Hankin et al., 1989) . It has been reported that large female M. magister in Alaska produce eggs every other year with a large proportion of the adult female population skip molting (Swiney et al., 2003) . Although skip molting and nonannual extrusion were common throughout the controlled mating phase of this research, because the crabs were kept under laboratory conditions for several consecutive years, the observed skip molt and extrusion frequencies should not be interpreted as indicative of those that occur in the wild population in Puget Sound.
Notwithstanding the clear evidence for last male precedence, 4 of 10 wild-caught females had doubly sired clutches indicating that multiple paternity is a common feature of the M. magister mating system and not a laboratory artifact. Similarly, bursal sperm from wild-caught females was difficult to amplify and males that contributed sperm to the bursa were not represented in the clutch sire's genotype, unless also found in the spermathecal sperm. Eight of 10 females had sperm in the bursa, possibly indicating that whatever benefit females derived from secondary copulations is important. Unfortunately because there is currently no method available for aging sperm, it was not possible to determine if a primary copulation took place at the last molt of the two females that lacked bursal sperm. McKeown and Shaw (2008) found no evidence for multiple paternity in 18 clutches of C. pagurus, the only other cancrid where clutch paternity has been investigated. It may be that multiple paternity in C. pagurus is uncommon in the population sampled or it varies temporally or spatially (Sainte-Marie et al., 2002; Gosselin et al., 2005) , or that the mating systems between C. pagurus and M. magister differ in this regard as well as anatomically (presence of the bursa in M. magister). In Ch. opilio, reported levels of multiple paternity range from 0 to 15% (0%, Urbani et al., 1998 and Sainte-Marie et al., 1999; 3.2%, Roy, 2003; 15%, Sainte-Marie et al., 2008) with lastmale sperm precedence the general rule. Considerable variation in multiple paternity levels has been reported in nonbrachyuran crustaceans: crayfish Orconectes placidus (Hagen, 1870) (60%, Walker et al., 2002) , the Norway lobster Nephrops norvegicus (Linnaeus, 1758 ) (55%, Streiff et al., 2004) , porcelain crab Petrolisthes cinctipes (Randall, 1840 ) (80%, Toonen, 2004 , and Homarus americanus, Milne Edwards, 1837 (13%, Gosselin et al., 2005) .
As in the controlled-mating females, in wild females paternity was generally ensured by last male precedence, but was probably disrupted in three of the four doubly sired clutches. In those three clutches, presence of each sire's alleles in several spermathecal sections indicates a considerable amount of sire sperm remaining in the spermatheca. In only one of the doubly sired clutches, that of a skip-molt female (O-22), was there an indication that sperm of a sire was depleted in the spermatheca. At locus Cma2, one of two alleles failed to amplify in the spermathecal sperm, and the second allele amplified weakly in section A only. The sire was homozygous at loci Cma1 and Cma3, meaning that there is only one allele per locus from that sire present at those loci. The 298 bp allele at Cma1 and the 276 bp allele at Cma3 are among the most common alleles at those loci (data not shown) and may have been contributed by a third, non-sire male.
In the wild-caught ovigerous females, the number of alleles detected in the spermathecal sperm increased with increasing CW, reflecting the number of molts females had undergone with accompanying opportunities to mate. Since female alleles were infrequently amplified from the spermathecal sperm of the laboratory-mated females, any alleles shared between the dam and sperm were considered male alleles. The increase in allele number in the spermathecae was not smooth, likely due to allele sharing between males, PCR artifacts involved in amplifying multiple alleles, low sample size, and perhaps missed mating opportunities. The observations and data suggest that at sizes of approximately 105, 115, 127, 137, and 147 mm CW, females can store sperm from up to one, two, three, four, and five primary males, respectively, allowing ample opportunity for multiply sired clutches. Size binning of CW of the wild-caught females was based on observed molt increments of females confined to the laboratory for several years and fed ad libitum. Obviously, laboratory feeding regimes do not reflect in situ conditions; however, we were surprised by how well the wild-caught females fit the size bins based on the numbers of spermathecal sperm alleles and expected mating opportunities.
Females molted to sexual maturity in the autumn or winter and copulated if presented with a male; they molted and copulated again in the spring and extruded eggs the following fall. By mating off schedule several months earlier than older females, virgin females avoid competition with larger, more fecund females for their first mates and also gain an 'extra' copulation event before their first extrusion. Although first clutches have the potential for multiple paternity, no multiply sired clutches were found in any of the 115 mm CW size bin controlled-mating or wild-caught females. In many years of collecting in the Puget Sound region, we have never collected an oviger that would fall into the 105 mm CW bin (personal observation).
Among the benefits proposed for multiple mating are to minimize chances of infertility and genetic incompatibility due to inbreeding or conflicts between and within the nucleus and cytoplasm of sperm and oöcyte (reviewed in Birkhead, 2000) . While it is doubtful that inbreeding is a concern for M. magister, genetic incompatibility may be a problem as in other species. While female LM3's first clutch, sired by Male 19, was viable and matured, her second and third clutches, both likely sired by Male 35 under last male precedence, died. Male 35 alleles were amplifiable and present in all four spermathecal sections; reduced amplification strength compared to alleles of Males 10 and 19 suggests that the sperm were depleted during extrusion of the second and third clutches. Male 35's DNA was amplifiable indicating that the sperm were probably viable. LM3 and Male 35 may have been genetically incompatible resulting in embryo death, or the sperm may not have been successful in fertilization. The maximum number of clutches that can be fertilized from a single ejaculate was not determined, but if Male 35 sperm was used to fertilize the two doomed clutches, the presence of Male 35's sperm in the spermatheca suggests that more than two clutches can be fertilized from a single ejaculate. Of course, the number of clutches fertilized will depend on the fecundity of the female and number of sperm transferred by the male.
Initial experiments conducted to test the methods not only verified that multiple paternity could be detected where it occurred and that the clutch subsampling protocol would adequately sample clutch diversity, but also led to an important insight into the mechanics of fertilization in M. magister. Despite the fact that sperm is stored internally, and contrary to assumptions in the literature that fertilization occurs internally in advanced brachyurans (Hartnoll, 1969) , results here suggested that in M. magister, at least some fertilization may occur externally. Metacarcinus magister females extrude eggs while partially buried in sediment. The female forms a pocket in the sand large enough to accommodate the egg clutch and releases the eggs; several hours elapse before the eggs become attached to the female's pleopods (personal observation; Wild, 1983) . Unfertilized eggs turn white, and are eventually lost from the clutch (personal observation). The clutches of the two females that received sperm into only the left spermathecae developed without the loss of the eggs on the right side or an overall reduction in clutch size over time. Since the tape that blocked access to the right gonopores was removed after copulation, presumably the oöcytes were extruded normally via the left and right oviducts, passing through the left sperm-containing and empty right spermathecae. A likely explanation for the full-sized, fertile clutches is that during extrusion, as oöcytes/eggs exited the female, sperm also exited the left gonopore of the female. Because crustacean sperm is non-motile, the egg clutches must have been well mixed in the sand hollow allowing unfertilized oöcytes to encounter sperm, and fertilization to occur externally, resulting in fertilization of oöcytes that had passed through the empty right spermatheca. There would have been a loss of eggs from the left pleopods if the eggs were not mixed, and a loss of half the clutch if the oöcytes were not fertilized externally. Seawater facilitates the acrosome reaction in several species of decapods (reviewed in Beninger et al., 1988) ; it is unlikely that seawater enters the spermatheca of M. magister (personal observation), and it may be that external fertilization of at least some, or perhaps all, oöcytes is the norm in M. magister. There is no consensus as to the site of fertilization in brachyurans (see Ryan, 1967; Sainte-Marie et al., 2000) , and it may vary between species according to the structure of the genitalia and timing of events during extrusion. For H. americanus, a species with a thelycum (sperm storage area with no internal connection to the oviduct) and external fertilization, Gosselin et al. (2005) concluded that sperm from different sires mixed during the fertilization process. Alternatively, the oöcytes from the right side of the ovary may have passed through the left spermatheca via the ovarian commissure, as has been demonstrated in experiments blocking a gonopore during extrusion in I. phalangium (Diesel, 1989) . As neither gonopore in the two M. magister females were blocked, the oöcytes were free to pass through both spermathecae.
In conclusion, in M. magister, the spermatheca is the site of sperm competition. Secondary males' sperm, which is placed in the bursa, is not used in fertilization and hence is not involved in sperm competition. Sperm competition is interannual: between the single primary male mate following each year's adult ecdysis. Last male precedence is the mechanism responsible for ensuring paternity; however, a male can defeat his own precedence and reduce his reproductive success by displacing stored, rival sperm away from the blind end of the spermatheca towards the oviduct when introducing a relatively large volume of sperm to the spermatheca. Forty percent of the ovigerous females sampled from the Mukilteo, WA area carried clutches sired by two males and, by the time females attain the size of approximately 147 mm CW, they may store sperm from up to five males. Clutches fertilized with sperm as old as 2.5 years can develop to maturity. Judging by the frequency that sperm is found in the bursa and the extended period that softshelled females will continue to copulate with secondary males (Jensen et al., 1996) , secondary male copulations are an important aspect of the mating system of M. magister, but the reasons for these copulations remain uncertain. It may be that females gain significant protection from predators through post-copulatory guarding by secondary males, but this hypothesis remains to be tested.
